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lele thermal condoetivity of GOy hag boen measured io & ecoaxial eylioder coll a8 a
function of pressure over & range of tomperstures from 3,66 to TE26 =C. Tarticulsr
atfention wag given to the measurements from 1 to § deg C above the crtical tempersture
al pressures cloacly spaced to include the critical densily,

The thermal vonductivity of GOy near the srit.inajlrgaint is very large compared, to one
atmosprhore values around room temperature. At 1 deg O above the eritioal point the ther-
mal conduetivity reaches 2 mazimum at the crifioal density. Thia mazimum is greater
than the marimy st higher temperatures. At 75.26 °C, 44 deg C sbove the erities] tempera-
ture, Jittle wousual incresss Bt the critieal density was obaerved.|

The rate of heat tranaport by conveetion in the eritical region is nlac very large. This
problem was studied carefully 38 order that the temperature difarences uged were reatricted
1e the region of Iaminar Aow, and that appropriste sxteapolation procodgres were uzed to
find the rate of heat trangfer by thermal conduction alone,

I. Thermal Conduc-

Also, ot densities and temperatures away from the erificsl region, new thermal eop-

ductivity values were obtained.
1. Introduction

Despite n conveniently accessible critical tempera-
ture of about 31.045 °C and a moderate critical
ure of about 72.85 atin, the transport phenotena
in the critical region of carbon dioxide have received
litile attention. The viscosity of carbon diexide has
been measured by the oscillating disk method [1]3
and by capillary fiow [2].  The thermal conductivity
of carbon dioxide has been measured “in the criticul
region,” [3] but in the range of density, 0.35<7p<0.60
%“,:fm » N0 measurements have been reported.
urthermore, other investigations have similarly
failed to include the density range within 0.1 giem?
of the critical [4] or have been at too high o tempera-
ture to demonstrate any characteristic behavior [4].
This paper describes a thermal conduetivity investi-
gation, emphasizing the region 32-<7#<40 °C and
.4 p<[0.55 giem® but including a wider range of
koth ternperature and density,

2. Experimental Description

Thermul conduetivities of OO, were determined as
[unctions of its pressure, average gas temperature
and temperature difference. Following the design
and considerations given in Paper I [6], a coaxial
cvlinder cell of 99.9 percent pure silver had a cell
constant £,=Cw ¢ (11, where C=1.207,<10° cm at
23 °C and the relative thermal expansion of silver s
@) =[1+0.1862 X 10~4—23%) +7 4 X 10~9(t —23%)%)

! This work way parfarmed at the Masiachuseits Inottute of Technaology sod
spongored by Project SQUTIT, which 1 snpparta] by e ODioe of bGava]
mﬁ'h. Mpactment of the Yary, under conkract Noor 1868000 N RE-NE-038,
gamodmlbut? o Motl ot i park 10 permitiad for any use of the United Biates
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with ¢ in °C. The cell and surrounding =tainless
steel container wers maintained at n temperature
constant to +0.001 deg C in an oil bath of the
Beattie-Collins type [T], regulated by a proportionat-
ing thyratron ciremt [8]. The temperature was
obiained on the international scale using & platinym
resistance thermometer and Mueller bri ze, both
carefylly ealibrated.

In order to make them steble, the Chromel-F
Alumel thermocouples used to measure the tempera-
ture difference were annealed in an atmosphere of
C0, for 205 hr at 500 °C.  As a further protection
[romn parasitic emfs from strain, nen-yniformity of
compositien and non-uniform temperature at the
junction with copper cutside the system, the thermo-
couple wires werc welded to gold and the junctions
tempered—brought into good thermal conitact—at
. “lava hloek™ below the top of the constant tempera-
ture bath. (See fiz. 1.) The leads of one reference
junction, maintained at ¢ 2 in an ice bath, were

rought into the cell-container. Gold leads were
welded 16 the reference thermocouple leads also, and
the gold-thermocouple junctions were tempered in
the same tempering block as the other gold-thermo-
couple junctions. After emerging from the cell, the
contact hetween cach gold lead and its copper lead
was made in thermal contact with a large copper
block which was well insulated thermally. The leads
of sach thermocouple junciion, by extension with a
gold and then a copper intermediary, were wired
inie a set of switches, in such & way that sll pair
comhinations were possible.

As part of the lead tempering, it was neceasarf' to
provide a portion of the gold thermocouple lead
wires with a consiant temperuture environment.
The usa of some device such asg tl};i'luh%atlfr” ghown
in figure 1 was necessary, particn if the gas was
at high enough pressure to liqueﬁec{ in the gas lead
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Ficure 1. IHeater and love block tempering statfon for hertio-

couple ey,

above the eell. This heater was contrelled so as to
roduce a constant temperature sxcess At above the
ath temperature.  'With CO; at 75 °C bath tempera-
ture it was found necessary to nse different Af valyes,
depending npon the pressnre, but it proved true that
the minimumn value which made the thermocouple
voltages steady gave consiant calibration results.
Electromotive forces of the thermocouples woere
determined by potentiometric measurement, on an
instrument  with diale reading directly to single
microvolis. The range was extended to hundredths
of microvolte by galvanometer deflectiona. The
sensitivity for the temperature difference readings
was 1.4 mmfuy with 8 readiog errer of 0.1 mm.
The potentiometer was calibrated both absolutely
and for proportionality in 1947, lourteen years alter
ita conatiuction, and was recalibrated for proportion-
ality during the course of the measurements. The
power was also  determined by potentiometric
measuretnents with voltage divider networks, where
all components had been earelully calibrated,
Carbon dioxide, available as liquid in tanks at
09.5 percent? Eurit}f, wag first passed, in the gaseous
phase, through w magnesium perchlorate drying tube
and then frozen ab liquid nitrogen temperaturcs.
After vacuum pumping for smreral%uuurs, the residual
pressure was reduced to 0.3 percent of its original
value, then indicating residual contamination of the

4 Fure Carbonie Co, stated tha impwiritios of the geeosed ns 034255 Ny, 00865
s, o 00729, Hrd, e

0, and X, impurity of <0001 perceni. The OO,
presgures were megsurcd on s gend—weight iston
wage, calibrated against the vapor pressure of OO,
at 0 “C 18], with calibrated weights,

Pressures were controlled by a special pepulator
svstent to about 1 part in 100,000,

3. Measurements

To peemit the specification of density near the
critical density as accurately as possible, the pres-
sures for conductivity measyrements were selected
at average ras temperatures of 32.054, 34.721, 40.080,
and 75.260 °C, because these are the temperatures
of the pVT isotherms of Michels and Michels [10],
and Michels, THaisse, and Michels [11]. From these
# VT data and the determinationa of Wentorf [12],
the valoe of p=0474 gfem® was sssomed for the
critical density. At lower pressures and also in the
liquid state, the values of density were derived from
equations of state. Otlher conductivity measure-
meuts covering & lorge density range wero made at
about 3.7, 26, 31, and 36 °C"

To permit extrapolation ol the apparent condpe-
tivity to that at zero temnperaturs diiferance, two
seta of triplicate measurements of the lop snd middle
emitier-reeciver difference thermocouples were made
at three different A#'s in the ratio of 1: 2@ 4 with con-
stant average gas temperatuare,  When conditions
permitted, a maximun temperafure difference of
about 5 deg C was considered optimal. In some
cases near the critical point, however, the danger of
turhulent Bow made it desirable that the maxamum
temperature difference he only 0.025 deg O

When experitiental conditions made it vhcertam
whether turbulent convection existed, exploratory
messurements were mads to locate a poasible trans-
tion from laminar vo turbulont fow. If it was found,
the determinations for extrapolations were made for
temperature differences less than thet which pro-
duaced surbnlence,

The blank was messyred at two temperaturss at
the beginning of the investigalion. e stability
and reproducibility of the blank was shown by re-
pemiing the measurements toward the end of the
WOrk,

With no power input in the cell, there should be no
difference in temperaturs between the amitier and
receiver, bul apprecizble difference thermocouple
emF's wera still found to exist.  In general, within the
range of O to 75 °C, these “residual’”’ or “pacasitic™
voltages were less than +£1 pv and they were fairly
stable, They might have been due to heat flows
to the eall, or to strain and varialion of composition
of leads in the tempersture gradient between the
cell and roem temperature. [n any case the parasitic
emf's amounted to & “zero calibration™ and they
wore deducted Froin the miemsurements when the
pmitter wos heated. The inportance of this proce-
dure was enphasized for messorerments near the
critical point, where some of the net em{’s for the
ten}perat-ure differenca were less than the parnsitic
emlf.
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4, Rasulis
4.1. Traatment of Dala

The principal data obiained for a deteriumation
of the apparent conductivity were

{1) The eml neross the voltage divider of the

emitter heater, Vg

(2) The emf across the voltage divider of the

standard resistor, V..

i3) The emf of the emitter-recstver diffarence

thermocouples, AT,

(4) The emf of the emitter-heat zusard diference

thermocouple.

{(5) The emf of the receiver-ica therinocouple.

{6) The weights for the deadweight gage measure-

ment of presaure,

{7} The platihan thermometer resistance lor the

bath temperature.

Item= {(5) and {(6), together with calibrations,
allowed & specification of the pressure and tempera-
ture of the gas. Items (4) and (7} permitted mainte-
nauce of required experimental conditions. The
apparent tharmal conductivity obtained from a set

of measurements is defined as Km=ﬁ~
¥

Now 4,
the power, ia the product. of the emf's of the emitter
atid standard resistor times a number representing
the calibrated factors for the wvoltage dividers,
divided by the resistance of the standard resistor.
The temperature difference, Af, is obtained from the
emf's of the emitter-receiver difference thermo-
couples, AVy,, divided by the calibrated value of
difdt for Chromel-P Alumel] at the average tem-
perature. Thus

Ew=r=(Car ) pa (Lo}

This requires

0.23885.X

{?EERMJ

D:a,= #1-32196

X107 I T, cal em~! see=! {pv) ¢

where .Y is the appropriate factor for the voltage
dividers. The results in this paper are expressed
with leat unit= in I.T. calories, Eased on tha conver-
sion 1 sbsolute joule=0.23385 1.T. calories. At
conslant average pes temperature, 4F/d and o (1)
gre constant. The only variables of &q (1) for an
isothemn, therefore, are the emi inessurements.
The computations are greatly reduced by progessing
the emf product to obtain the value extrapolated to

zero differonce thermocouple emf.  If we put
_ VeV
Jr= AVa, ¥

the coordinates of the extrapolations are ¥ versus
AVa:. Corrections were made to ¥ for smali devin-
tions fromm the steady state. The heat fow between
emitter and heat puard, if the temperature diffecence

waa not zero, was determined az a function of the
conductivity and corrections applied. A linear
chenge in the ratc that power was supplied to the
emitter required & correction to represent & steady
state measurement. It wos obtained from K. =

2al7,
Koo e,
of the heating current, £, ie the heat capacity of the
entitter and (), iz the -:eil congtant, TUsually these
correcticns were instgnificant and for noe measure-
ments did the total correction exceed 0.2 percent.
When ¥ is extrapolatcd to zere AV, to give ¥,
the corresponding K, is (K,).. Corrections for
the assymetric temperaturs ﬁ?stributiﬁn, FiKapp)os
tha perturbation of heat low by the ping, —7w 10~
(Ko, a0d the temperature gradient in the emitter
and veceiver, 10.70{K,,.13, were made as ZiK=
(f—7x107 (Kl +H10.70{H . Finally, the
blank was deducted to armive at the conductivity
of the gas, K={K ,}.—blank{ Z5K

4.2. Calibrations of a Reference Themmocouple,
Extmf polations of % Versus AV, and Calculation
of K

The ceference thermocoyple was ingtalled so it
could be celibrated against o platinum resjistance
thermometer in the b:%h. Values of the amf versus
t were cbtained by repeated measurements at 5 deg
temperature miervals. The curve of dE/dt versus
{ for Chromel-P Alumel (fig. 2) was obtained by
numerical differentiation. SBmall adjustmeants, up to
one part in 2000, were made and compengated for

» where o is the relative rate of chenge

1 T
LIS o —

L3 -

FT.Y ] I I L L
—2g -] fel) #0 &0 L]
TEMPERATURE %

Fioure 2. dEfdi{ur/ 1 for Chrotel-P Afwemel fhermo-
couples from o fo 78 °C, .
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in the adjeining valnes., The iategrated values for
£ checked the calibration values of 745.3, 1691.15,
and 32026 uv within 0.1 gv at 18, 20, and 75 °C,
and within 0.2 pv of 2208.2 uv at 52 °C.

Hample data and the caleculated ¥ are shown in
table 1 for one point on curve §, figure 3, for AV,,=
3% pv. Residuals have been deducted. They weore
about =40.045 gv for upper em-rec, and —0.250 pv
for lower em-rec difference thermaonouples,

Extrapoletions exhibiting the change in slope
typical of the increase of heat transport by turbulent
convection are shown in lines 1, 2, 3, 4, and 5 of

caleuluted value of AV, for the Reynolds number
Re=25. A part of a typical low-pressure extrapola-
tion, line 6, is shown for eomparison,

A summary of all the results is presented in tahla 2.

Column 3 gives the highest emf of the difference
thermoecouples veed in the extrapolations. Colomn
4 gives the emf of the difference thermocouples for
tho transition to turbulence. F7=Ti,/wit).

The wotherms of K versus pin the region of critical
dengity are presented praphically in?gure 4, The
detail of the izotherms at 3,662, 26.00, 30,90, 3624,

. : LR, @ E: H
figiire 3, X on the lines 2, §, 4, and 5 indicates the | #d 41.22 °C for p<{0.20 gfem?® nre shown in figure 5.
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5. A Study of Convection for the 32.054

°C Isctherm

The mazimwn temperature difference, which can
oxizt before the onset of turbulence, becomes smaller
nz the ertieal conditions are approached. Sinee
there is & loss of pracision at very small temperature
diffarences, it may not be possible to determine hy
experiment whether axtrapolations of neasurements
close to the eritical point are entirely in the laminar
range. Thus, the cxtrapolatiens for 32054 °C
averagre zas teraperaiure gt 0,398, 0448, 04758, and
(.498 gfem? denaily, shown in figure 6, might include
one o more pointa involving turbulent heat
transport.

The temperature difference for the transition o
turbulent flow can be evaluated by ealenlating that
value of At for which the Revnolds number equals 25

__glary fopy pht ;
From paper I, Re— 35 \ai), 7 The evalun
tion of some of thase quantities nesr tha eritical point
is tenuous, =0 the resulte of calculations wre only

approximate, For instenee, without a careful study

lending to s relisble aquation of state, (g) must
o

have an uncertainty of 5 to 10 pereent. It was

found that (E

is very nearly constani {rom

31.185 t0 34.721 °C! [or a given p, hence (g t) wiLs

E
evaluated frum( ) ( ( ) The experi

mental values of the viscosity of OO vary cven more,
At 3110 °C and 0.504 gfom® Michels, Botgen, and
Schuurman reported 9 to be 76310 =5 poise. On
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the other hand, at 21.14 °C and 0.502 g/em?, Naldrest
and Manss reported » to ha 37.91% 1077 poise, or
almost axactly one-half az much. In table 3 cna
set of values of At for transition to turbulence is
iver for the wiscosilies eeportad by Michaels,
tzen, and Schuurinan, wnd another set for the
viacosities reported by Naldrett and Maass,

Tsable 2 shows ot least two points on every ex-
trapolation line exeept for p=04758 are within the
limits of temperature difference for laminar con-
vection. For values of viscosity reported by
Naldrett and Maass, the calculations show that
turbulence can be expected only when Af is greater
then the maximurn used in the extrapolations for
p=10.300, p=0.395 and p=0.553. For the Incgest
temperatore difference, the heat tromsfer would
include turbulence st p=0.448 and p=04%5 but

not for the two smaller temperature differences.
However, the rate of hoat transfer at the highest
temperatura difference at p=04482 or p=040% is
too low even to be linear with other points. At
p=047538, {approximately the critical density),
geeording to the calenlation only the lowest tem-
erature difference i within the limits of Jaminar
ow. This i= remarkable if tree, amee the slope of
the extrapolation at p=0.4758 is less than that at
p=04482 or p=0.498, hardly » manifestation of
turbulence.

The valuea of viscosity reported by Naldreti and
Mansz show no unusual increase wt the critical
density. The only significani uncertainty, then, in
the correct values of the viscosity is hetween those
values and higher values. Tf the higher values of
viscosity reported by Michels, otzen, and
Schuurman are used, the calenlated temperatura
difference for transition to turbulence iz prester than
the temperature differences used in the extrapelations
at all densities excent the critical density.

The nsefulness of these considerations is that one
must conclode, even from & very conservative
evaluation, that the important part of the extrapo-
lations arc hased on measurements made uvnder
conditicns of laminar flow.

6. Discussion

At low pressures, the measurements were made
zo that the temperatore difference indicated by the
thermocouple emf{>25¢v. Thiz allowsz ¥, to Le
determined with an uncertainty of about +40.1

ercent, 83 & omnbination of uncertainty in the
mdividual values and the uncertainty introduced by
the extrapolation. The value of 17 is uncertain by
4+ 0.1 percent because of nneertainty in mechanical
measurementa for the cell constant. The dE/ for
the Chromel-F Alumel thermocouples is conaiderea
to be uneertain by +£0.1 percent also,

The blank was dilficult to determine, and initisl
determinations, shortly alter beginning the con-
ductivity measurements, varied by +£5 percent.

Deotarminationa mada st the conclusion of meas-
uremcents sgrecd with the initial values within that
varigtion, The wneertainty of the blank is insig-
nificant for values of 10° K> 10 eal em™! sec™ deg O™
relative to ihe other errors, but at 3.7 °C! it con-
tributes + 0.2 percent for 10° K'=3.5.

Tapre 3. Temperalure difference for franeition ko lurbulent fow ol 52,054 °C near the criticol densily
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- . m--| T&5H
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The 3.66 °C isotherm was the first to be measured.
It is considerad that the relizbility of the deta
improvod with experience, hence a larger estimated
uncertainty for this isctherm is given in table 2
than for other measurements under comparable
conditions,

The uncertainty of the valoes near the critical
point is coneidered to he primarily due to lack of
reproducibility of the sm&ﬁ emf’s of the difference
thermocouples. Measurements at (.25 uv were
precise within L5 pereent (e, £0.0003 deg C).
At least 12 eml measurements ave included in the
value of a .25 pv point.

The curvature of the extrapolations for a==045,
0.50 and .55 g/fcm® may be unaccounted for math-
ematically because of the neglect of second crder
terms, in the expression for KAoer. The importance
of the second order tertos decreases as Af decrenases,
lience the isotherms should approsch linearity as
Al—1.

There could be an appreciable error in interpe-
lation of densities on the 32.054 °C isotherm of tha
VT meazurements of Michels, Blaisse, and Michels.
The values of density stated in table 2 are adjusted
from the nominal values of 0.40, 045, 0,476, 0.50,
and 0.55 g/cm® to give a smooth curve for a plot of
Agfdp versus F.  This is estimated te involve an
crror in K of 41 percent ab p=0.40 and 0.55 g/fem?,
off+2 percent at g=045 and 0.50 glem?, and of
43 percent at p=0.476 gfem?,

The inset of figare 4, an isometric of K vorsus ¢
for p=0.474 gfom?, suggests an extramely high value
of K at the eritical point itself.

At high density, over a limited temperature range
at least, the thermal conductivity of GO, appeara to
he nearly constant at a given density. Thus 10°H
for GOy st 26.00 °C! and p=0.76 g/em?® iz 20.4 and
for OOy at 75.26 °C and p=097 i3 208 For
p=0.74 giem?, all points of K versus p plot staoothiy
an a singgle curve ragardless of temperatura,

Any additional increment of thermal conductivig
at the critical density has nearly vanished at 75 °C;‘Z
and i3 <25 percent for 40 *C.  The effect lies almost
entirely betwean p=0.30 and =060 gfem? which
at 32.054 °C is between p=72.51 and 75.90 atmos-
Pheres, Consequently, most investigations which

*eover” the critical region in fact skop it, =0 that no
unysupl behnvior iz obzerved.

It is not unusual to assume thai the density and
temperature to which & measurement of the thermal
conductivity corresponds i the average density and
average temperature of the pas, Riporoualy, the
tharral condyetivity should be defined as the himit
of measyremanta at an averaze gas temparature and
an averags density, extrapolated to zero temperatura
differenice. There will be no significant difference if
K may be satisTactorily represented as s lingar fune-
tion of T and p, provided significant convection is
absent. However, in the critical region, K is not
linearly, or even monocionically varying with T and
g, 80 that for reliability, K should be extrapolated
versus Af to gero temperature difference, even in tha
absence of convection.

The cell used in these tmesasurements was designed
to rive high weeuraey under conditions of low trans-
port of heat by convection, a requirement in affect
that the conduciivity gap be large enough to mini-
ntize the srror of tha cgll constant.

It would enhance the relinbility of the results in
the crtical region if the conductivity gap were re-
duced to about one-third that nsed. Correzpond-
ingly, the ratio of K conv/A gaz would be reduced to
one eighty-firat of whai was observed. Howeaver,
the merit of the equipment used is manileated in the
aceuracy of the thermal conductivity at low and high
densities.

7. Comparison With Other Results

Recently Sengers and Michels [13] have published
a preliminary paper wheére measurements of the
thermal conductivity of CQ) in the eritical region are
reported. The agresment between the results pre-
sented in this paper and the new work is satisfactory
in the regions 0< p=70.20 g/em?® and o> 065 glem®
at all teotperatures, and at all densities for £ > 40 °C.
In the same umits of K, Sengers and Michels show a
value of 108K =21 for p=0460 gfem® and i=34.8 °C,
and a valua of 10K =33 for p=0.466 g/om® and
t=321 °C. In addition, they have a 31.2 2(
isotherm, with 103K =81 at p=0.466 ¢/em®. Thare-
fore, the results of Sengers and Nﬁchels show a
marked increasse of the thermal conductivity of CO.
near the etical point, but less than that reported
in this paper.

8. Conclusions

Tha thermal conductivity of earbon  dicxide
ineresses rapidly at the critical density as the critical
temperature is approached from higher temperatures.
Relatively large incresses wera cbserved only at
teoperatures lesz than 10 °C? above the eritical
temperature, and over a density range between 0.30
to 0.60 gfem?.  The corresponding pressure clwnge is
3.4 atm at 32.054 °C., Thue most prior measure-
ments have not included much of the region where
tha phenomenon gceurs,

10 transport of heat by convection was very high
for the measurcments near the critical density at
32.054 *0. However, the limiting temperaturs dif-
farence for the fransition te turbulent flow is high
snough that extrapolation procedures should be valid.

It ie estima that the thermal conductivity
values at low and high densities have high accuracy.
At low densities, the vaiues have the sort of tempers-
ture dependence that js r ed as typicel of the
thermal conductivitiez of dilute gases. However at
densitics sbove p=0.74 gfom®, essentially no tempera-
ture dependence i manifested from 3.66 to 75.26 °C.
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